Abstract. Drug resistance is a principal contributor to the poor prognosis of ovarian cancer (OC). Therefore, identifying factors that affect drug resistance in OC is critical. In the present study, 51 OC specimens from lab collections were immunohistochemically tested, public data for 489 samples from The Cancer Genome Atlas cohort and 1,656 samples from the Kaplan-Meier Plotter were downloaded, and data were retrieved from Oncomine. It was identified that the mRNA and protein expression of the potassium calcium-activated channel subfamily N member 3 (KCNN3) was markedly lower in OC tissues compared with normal tissues, and in drug-resistant OC tissues compared with sensitive OC tissues. Low KCNN3 expression consistently predicted shorter disease-free and overall survival (OS). Specifically, low KCNN3 expression predicted shorter OS in 395 patients with low expression levels of mucin-16. There was additional evidence that KCNN3 expression is mediated by microRNA-892b. Furthermore, text mining and analyses of protein and gene interactions indicated that KCNN3 affects drug resistance. To the best of the authors' knowledge, this is the first report to associate KCNN3 with poor prognosis and drug resistance in OC. The present findings indicated that KCNN3 is a potential prognostic marker and therapeutic target for OC.
Introduction
Ovarian cancer (OC) is a principal cause of cancer mortality in women, with an estimated 14,080 cases of mortality in the USA (1) every year, and 22,500 cases of mortality annually in China (2) . Although patients with OC are initially responsive to standard therapy (generally debulking surgery followed by platinum-centered chemotherapy) (3), ~70% of them develop recurrent disease (4) . The 5-year overall survival (OS) is very poor as the relapsed disease is frequently incurable (5), with little improvement over the last 30 years (6) . The emergence of a drug-resistant disease is thus a primary obstacle in the clinical management of OC. To overcome these unsatisfactory treatment outcomes, understanding the molecular mechanisms that contribute to drug resistance and identifying predictive biomarkers are critical (7) .
Accumulating evidence indicates that ion channels serve crucial roles in cancer biology (8, 9) and mediate numerous aspects of cancer pathology, including apoptosis, angiogenesis, cell growth, migration, invasion and metastasis (10) . Among the ion channels, potassium channels are the most diverse and ubiquitous, and represent easily accessible cancer biomarkers and targets for therapy (11, 12) . In OC, potassium channels have been demonstrated to be closely associated with cancer progression and outcomes. Potassium two pore domain channel subfamily K member 9 is involved in the oncogenesis of OC, although its prominent expression is paradoxically associated with better survival (13) ; potassium voltage-gated channel subfamily H (KCNH) member 1 and KCNH member 2 (KCNH2) expression is associated with poor prognosis (14, 15) , and KCNH2 channel activity is associated with tumor drug resistance (16) .
Potassium calcium-activated channel subfamily N member 3 (KCNN3), a potassium channel of the small conductance Ca 2+ -activated potassium channel family (17) , contributes to the development and progression of numerous solid tumors. In melanoma cells, upregulation of KCNN3 enhances cell motility by hyperpolarizing the cell membrane potential (18) ; in breast cancer cells, KCNN3 is a mediator of cell migration (19) , and together with P2X purinoceptor 7, contributes to cysteine cathepsin-dependent cell invasiveness (20) ; and in colon cancer, KCNN3, together with short transient receptor potential channel 1 (TRPC1) and calcium release-activated calcium channel protein 1 (orai-1), regulates store operated calcium entry (SOCE)-dependent cell migration (21) . Furthermore, KCNN3 is upregulated by a 16-fold change in bortezomib-resistant BN myeloma cells (22) , which suggests that its expression is associated with drug resistance. However, KCNN3 has not been widely studied with respect to cancer, and research on its role in OC is rare. To the best of the authors' knowledge, the present study, which used public data, bioinformatics and immunohistochemistry analyses, is the first to report the association of KCNN3 with prognosis and drug resistance in OC.
Materials and methods
Data acquisition. Data regarding gene expression determined using Log2 median-centered intensity in OC and normal controls were retrieved from microarrays downloaded from The Cancer Genome Atlas (TCGA) Ovarian cohort, including 586 ovarian serous adenocarcinoma and 8 normal control samples; and the Yoshihara Ovarian cohort, including 43 ovarian serous adenocarcinoma and 10 normal control samples, deposited in Oncomine (https://www.oncomine.org/resource/main. html) (23, 24) ) (Tables I and II) . The mRNA expression values of 489 tissues from a total of 586 patient samples with ovarian serous adenocarcinoma were determined via Agilent microarray analysis (Agilent Technologies, Inc., Santa Clara, CA, USA) (25) , and these data were downloaded from the cBioportal (http://www.cbioportal.org/) (26, 27) . Corresponding data of microRNA (miR), DNA methylation and clinical data of the 489 OC tissues were also downloaded from cBioportal (http://www.cbioportal.org/). Among the 489 tissues, 197 were platinum-sensitive and 90 were resistant tissues. KCNN3 mRNA expression (probe: 205903_s_at) data and survival information of the 1,656 patients with OC [including 395 patients with OC who had low cancer antigen (CA) 125 expression levels] were downloaded from the KM Plotter (http://kmplot.com/), which is a collection of 14 independent microarrays (data set nos. GSE14764, GSE15622, GSE18520, GSE19829, GSE23554, GSE26193, GSE26712, GSE27651, GSE30161, GSE3149, GSE51373, GSE63885, GSE65986 and GSE9891) from the Gene Expression Omnibus (GEO) profiles and TCGA ovarian cohort (28) . No alterations were made to any of the aforementioned data used in the analysis. Bioinformatics analysis. Biological process annotation was performed using Coremine Medical (http://www.coremine. com/medical/) (30) . A protein-gene interaction network was generated using GeneMania (http://www.genemania. org/) (31, 32) . miR-mRNA predictions used miRsystem, which has seven prediction tools, including TARGETSCAN, RNA22, PICTAR, DIANA, MIRANDA, MIRBRIDGE and PITA (http://mirsystem.cgm.ntu.edu.tw/) (33) .
Samples
Statistical analysis. The data were analyzed using SPSS 20.0 software (IBM Corp., Armonk, NY, USA). Gene mRNA expression levels are presented as the mean ± standard deviation. Homogeneity of variance was analyzed using the Student's t-test. Correlations between gene-protein expression and clinicopathological factors were evaluated using the Pearson's χ 2 test and Spearman's correlation (2-sided). The probability of survival and significance was calculated using the Kaplan-Meier method. Gene expression values were dichotomized into high and low expression, using the median as a cut-off in all the above analyses (34) . Correlations between miRs/DNA methylation and gene expression were analyzed Table I . Association between KCNN3 expression and clinical factors of patients with ovarian cancer in TCGA cohort (489 patients) and lab collection (51 patients).
TCGA cohort, 489 patients Lab collection, 51 patients using bivariate correlations. P<0.05 was considered to indicate a statistically significant difference.
Results

KCNN3 expression is decreased in OC tissues and drug-resistant tissues compared with normal tissues.
KCNN3 expression was significantly decreased in OC tissues compared with the normal control, according to the TCGA Ovarian cohort and Yoshihara Ovarian cohort deposited in Oncomine. (Fig. 1A and B) . KCNN3 mRNA was significantly lower in 586 samples ovarian serous cystadenocarcinomas compared with eight normal ovaries, by 2.770-fold change obtained from the TCGA Ovarian cohort, as determined via Log2 median-centered intensity (Fig. 1A) ; and was lower in 40 ovarian serous cystadenocarcinomas compared with 10 normal peritoneal samples, by 5.778-fold changes, according to the Yoshihara Ovarian cohort (Fig. 1B) . Furthermore, KCNN3 was significantly lower in drug-resistant OC tissues compared with sensitive tissues. KCNN3 mRNA expression in 90 platinum-resistant tissues was significantly lower compared with in 197 platinum-sensitive tissues in TCGA cohort ( Fig. 1C ; P<0.01; Table I ).
The morphology of 57 OC tissues and 6 normal ovarian tissues were investigated via H&E staining (Fig. 2) . The immunohistochemistry results of these tissues demonstrated that the majority of OC tissues revealed low expression levels of KCNN3 (33/57 cases); whereas, all six normal controls revealed high expression levels of the protein (Fig. 2) . Statistical analysis using the χ 2 test revealed a significant low expression of KCNN3 in OC tissues, as determined via imaging of immunohistochemistry results (P=0.009). Furthermore, among the 51 OC specimens from the lab collection, KCNN3 protein expression was significantly lower in 24 drug-resistant OC tissues compared with 27 sensitive tissues, as determined via imaging of immunohistochemistry results ( Fig. 2 ; Table I;   Table II . On the basis of the microarray data retrieved from Oncomine, KCNN3 is differentially expressed and downregulated in the majority of tumor types. P=0.011). The percentage of drug-resistant tissues with low expression of KCNN3 was 75% (18/24 cases), whereas the low expression of the gene in drug-sensitive tissues was only 37% (10/27 cases; P=0.011; Table I ). Fig. 3D ). There is no median data for OS as the mortality rate in this subgroup was <50%. A low expression level of KCNN3 protein in the subgroup of patients with OC with high expression levels of mucin-16 [cancer antigen (CA) 125] (≥400 µl/ml) was additionally observed, compared with a higher KCNN3 expression level in patients with low expression levels of CA 125 (<400 µl/ml; Table I ). Of these 395 patients with OC who had low CA 125 expression levels (in the lowest quartile), low KCNN3 expression was notably associated with shorter OS in the KM Plotter cohort (Fig. 3E) . In addition, low KCNN3 expression was significantly associated with higher histological grade (Grade III) in the 51 OC specimens from the lab collection, although no significant association was detected between KCNN3 and tumor stage (Table I) .
Low KCNN3 expression predicts shorter disease-free survival (DFS) and OS in OC.
Bioinformatics analyses suggest that KCNN3 mediates drug resistance. Bioinformatics approaches were performed, including protein interaction and text mining, to predict the function of KCNN3 in OC drug resistance. The search terms 'KCNN3', 'OC' and 'drug resistance (DR)' were significantly associated with 51 drugs (e.g. cisplatin, oxaliplatin and (E) Low KCNN3 mRNA expression was associated with shorter OS in 395 patients with OC whose CA 125 expression levels were in the lowest quartile (data from KM Plotter). mRNA expression values were dichotomized into high and low, using the median as a cutoff. Protein expression values were dichotomized into high and low, according to slide immunostaining scores. KCNN3, potassium calcium-activated channel subfamily N member 3; DFS, disease-free survival; OS, overall survival; OC, ovarian cancer; KM, Kaplan-Meier; CA 125, cancer antigen 125. Figure 4 . Bioinformatics analyses of associations between KCNN3 and drug resistance in OC. (A) KCNN3 associations with drug resistance and OC, as determined by text mining using Coremine Medical. The input terms were 'KCNN3', 'drug resistance' and 'ovarian cancer'. (B) A protein interaction network of KCNN3 with 49 drug resistance-associated proteins in OC, as generated using GeneMANIA. Red and grey circles represent target proteins that interact with KCNN3 directly and indirectly, respectively. KCNN3, potassium calcium-activated channel subfamily N member 3; OC, ovarian cancer; DR, drug resistance; BP, biological process; MF, molecular function; G/P, genes and proteins; CC, cellular component. doxorubicin), 47 genes and proteins (including, TP53, JUN and CD34), 43 biological processes (including, 'apoptosis', 'DNA repair' and 'cell cycle'), nine cellular components and four molecular functions (Fig. 4A) . Possible networks of protein or gene interactions with KCNN3 included 49 gene or gene products associated with drug-resistance in OC, which further explained its association with drug resistance. These genes/gene products included 25 oncogenes (35); URI1, STAT3, SRC, RSF1, PIK3CA, NOTCH3, NINL, NFKB1, MYC, MIEN1, MET, KRAS, JUN, IKBKE, FOS, ERBB2, EGFR, DAXX, CUZD1, CLU, BCL2, BAX, AKT2, AKT1 and ACTN4 and 15 tumor suppressors (36) including BRCA1, BRCA2, CHEK2, FBXO32, MLH1, SULF1, IL24, CDKN2A, CDKN1A, TP53, TP73, PDCD4, PTEN, RASSF1 and WWOX, as well as 9 other genes, including CCL21 and SPARCL1 (37), GGNBP2 and RNASET2 (38) , NEK2 (39), NEK11 (40), ALDH1A2 and ADH1B (41) and TRPC1 (42) . KCNN3 directly interacted with 18 of these genes or gene products, and exhibited indirect interactions with the rest (Fig. 4B) . As there were associations between KCNN3 and a wide range of drugs, genes/proteins, biological processes, cellular components and molecular functions with known roles in OC and drug resistance (Fig. 4) , it was concluded that KCNN3 expression possibly affects drug resistance in OC.
KCNN3 expression is potentially regulated by miR-892b.
To investigate the possible mechanism that mediates KCNN3 expression in OC, mRNA-miR prediction was conducted using the miRSystem, which predicted 35 miRNAs that potentially target KCNN3. Of these, 24 with expression data available in TCGA were downloaded from cBioportal, from which correlations were analyzed between miRNA expression and KCNN3 mRNA expression in 489 OC tissues. Among the 24 miRNAs, only the expression of miR-892b was negatively correlated with KCNN3 mRNA expression in the 489 OC tissues when determined using Spearman's correlation ( Fig. 5A ; P<0.05); however, not when determined using Pearson's χ 2 test (Fig. 5A ; P>0.05). In 197 platinum-sensitive tissues of the 489 OC tissues, miR-892b was not correlated with KCNN3 (Fig. 5B) ; however, they were significantly and negatively correlated in 90 platinum-resistant tissues of the 489 OC tissues ( Fig. 5C; P<0 .05). The present results support the possibility that miR-892b targets KCNN3 and contributes to its downregulation in OC, particularly in platinum-resistant tissues.
DNA methylation with KCNN3 mRNA expression levels in 489 OC tissues (including 197 sensitive tissues and 90 resistant tissues) was additionally analyzed; however, no correlation was observed, although DNA methylation of KCNN3 was negatively correlated with mRNA expression (data not shown).
Discussion
Novel technologies have led to an increase in the volume and diversity of large-scale public data (43) , which are a vital pillar of open science and a key enabler of reproducibility and novel discoveries (44) . Reuse of public data may potentially answer questions beyond those originally envisioned (45) , and provide a systems-level approach to predicting treatment response and disease progression, and to developing precision therapies (43, 46) . Computational approaches based on these public datasets may additionally facilitate more rapid annotation of protein function and guide laboratory experiments (47) . In the present study, microarrays and associated clinical data retrieved from Oncomine, TCGA and KM Plotter were used to identify genes associated with prognosis and drug resistance in OC.
It was identified that KCNN3 was significantly lower in OC tissues compared with normal controls, in agreement with the two independent microarrays, Yoshihara ovarian statistics and TCGA ovarian cohort. This result was consistent with findings that KCNN3 was significantly downregulated in ≥10 tumor types and upregulated in only three different tumors. Further analyses based on TCGA cohort indicated significantly lower KCNN3 expression in drug-resistant OC tissues, which was supported by experiments conducted with 51 OC specimens. Low KCNN3 expression in OC, particularly in drug-resistant tissues, appears to be regulated by miR-892, which has been demonstrated to affect cancer growth, migration, invasion, metastasis and angiogenesis (48, 49) .
Significantly lower expression of KCNN3 in OC and drug-resistant OC suggests that KCNN3 mediates cancer progression and drug resistance. This hypothesis is supported by bioinformatics analyses, including text mining and protein interaction analyses, and is consistent with a previous study, in which KCNN3 was predicted to be one of 1,298 genes that contribute to drug resistance in OC (50) . A previous study demonstrated that KCNN3 together with the TRPC1 and orai-1 complex regulates SOCE-dependent colon cancer cell migration (21) . Specifically, acquisition of drug resistance in multiple myeloma is associated with the suppression of inositol 1,4,5-triphosphate receptor type 1, phospholipase C, transient receptor potential cation channel subfamily M member 7 and TRPC1 expression, and reducing the expression of TRPC1 markedly inhibits drug-induced cell death (51) . It was observed that decreased expression of TRPC1 is associated with drug resistance in OC (42) , and the protein interacts with KCNN3. Thus, it was concluded that low expression of KCNN3 may contribute to drug resistance via interactions with TRPC1, through inhibition of drug induced cell death.
Downregulation of KCNN3 predicted worse DFS and OS in 51 patients with OC, and consistently predicted worse DFS and OS in 489 and 1,656 patients, respectively, suggesting that it may be a marker for prognosis in OC, in particular for OS. Low KCNN3 expression was notably associated with decreased OS in 395 patients with OC with CA 125 expression levels in the lowest quartile. The downregulation of KCNN3 was associated with higher serum CA 125 (≥400 µl/ml); whereas, KCNN3 upregulation was associated with lower serum CA 125 (<400 µl/ml), thus it was concluded that the gene may be used to predict OS among patients whose serum CA 125 is <400 µl/ml.
In conclusion, the present study reported for the first time, to the best of the authors' knowledge, the associations between KCNN3 and drug resistance and prognosis in OC, which indicate that KCNN3 is a potential therapeutic target and prognostic marker in the treatment of OC. Further in vitro and in vivo studies are required to validate and clarify the present results.
